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High-dimensional quantum entanglement is currently one of the most prolific fields in quantum informa-
tion processing due to its high information capacity and error resilience. A versatile method for harnessing
high-dimensional entanglement has long been hailed as an absolute necessity in the exploration of quantum
science and technologies. Here we exploit Hong-Ou-Mandel interference to manipulate discrete frequency
entanglement in arbitrary-dimensional Hilbert space. The generation and characterization of two-, four- and
six-dimensional frequency entangled qudits are theoretically and experimentally investigated, allowing for the
estimation of entanglement dimensionality in the whole state space. Additionally, our strategy can be gener-
alized to engineer higher-dimensional entanglement in other photonic degrees of freedom. Our results may
provide a more comprehensive understanding of frequency shaping and interference phenomena, and pave the
way to more complex high-dimensional quantum information processing protocols.
Introduction. Harnessing entanglement in high-
dimensional systems may well play a central role in
elevating the performance of advanced quantum information
protocols towards practical applicability. In particular in the
context of quantum communication, photon pairs entangled
in high dimensions can carry more quantum information,
making them compelling for enhancing quantum channel
capacities, improving noise resilience and even speeding
up certain tasks in photonic quantum computation [1–4].
Several physical properties of photons can be used to
directly encode high-dimensional entanglement, including
orbital angular momentum [5], time-energy [6] and path
[7]. The drawback of employing high-dimensional encoding
in the spatial domain is the stringent requirement on the
quality of optical wave-fronts and shaping for generation
and measurement, hence confining its applications in
optical fiber based quantum communication systems [8].
Conversely, entanglement in the energy-time domain is
intrinsically suitable for long-distance transmission in fiber
and free space [9]. Among the many manifestations of
energy-time entanglement, photons carrying frequency
entanglement have attracted great interest in recent years
[10–14]. However, the post-selection-free creation of
arbitrary-dimensional frequency entanglement still remains
relatively unexplored. In addition, the characterization and
verification of high-dimensional frequency entanglement
poses an ongoing challenge, owing to both the difficulty
of performing required superposition measurements in
the frequency domain, as well as the general challenges
associated with performing full quantum state tomography
∗ chenlx@xmu.edu.cn
† Fabian.Steinlechner@iof.fraunhofer.de
‡ Rupert.Ursin@oeaw.ac.at
in a large state space.
The objective of this work is twofold: Firstly, we use spa-
tial beating of Hong-Ou-Mandel (HOM) interference with
polarization-frequency hyperentangled photons on a beam-
splitter to discretize continuous and broadband spectra into
a series of frequency bins. Then, we exploit polarization
anti-correlations of hyperentangled state to deterministic-
ally eliminate noise contributions that arise from unwanted
photon bunching in the preparation stage, thus achieving
high-fidelity frequency-bin entanglement without the usual
requirement of detection post-selection. Secondly, we show
how HOM interference can be used to characterize high-
dimensional frequency entanglement; measurements of the
fringe spacing of the observed interference pattern allow us
to extract individual parameters even for high-dimensional
entanglement. These results demonstrate that the modulation
of temporal distinguishability in HOM interference provides
a powerful tool for implementing high-dimensional quantum
information processing.
Discretization of continuous frequency entanglement. A
major limiting factor for the number of entangled frequency
modes, quantified by the dimensionality of entanglement, is
the spectral bandwidth of photons. Type-0 phase-matching
yields the broadest spectral bandwidths among spontaneous
parametric down-conversion (SPDC) processes [15, 16].
By combining the benefits of Sagnac-type sources [17]
and crossed-crystal sources [18], wavelength-degenerate
polarization-entangled photons are deterministically routed
into two distinct spatial modes (see Fig. 1(a)) as a direct
consequence of time-reversed HOM interference [19]. The
resulting polarization-entangled state can be written in the
form of |ψ〉 = 1√
2
(|H1V2〉+ |V1H2〉)⊗ |ωsωi〉, where H
(V) denotes horizontal (vertical) polarization, and ωs and ωi
denote the continuous spectrum of signal and idler photons.
Since the difference frequency ∆ω = |ωs − ωi| of a color-
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Figure 1. (a) Generation of high-dimensional frequency-entangled qudits through (b) Hong-Ou-Mandel interference. (c) Observation of
frequency anti-correlations with a monochromator. Assisted by the elimination of spatially bunched photons (d), HOM interference of high
dimensional entanglement is observed (e). LD: laser diode; PBS: polarizing beam splitter; HWP: half wave plate; DM: dichroic mirror; TEC:
temperature controller; LP: long pass filter; SMF: single-mode fiber; BS: beam splitter; MMF: multi-mode fiber; POL: polarizer.
entangled state typically exceeds that of the pump laser, con-
tinuous entanglement arises quite naturally as a consequence
of energy conservation. Then, a HOM interferometer is
used to project the continuous frequency spectrum into well-
separated frequency bins without any requirement for spec-
trally selective filtering. As depicted in Fig. 1(b), the photon
in path 1 is then delayed relative to its partner photon in path
2, introducing a relative time delay τ1 between the photons’
time-of-arrival on a balanced beam splitter. The bi-photon
state after this beam splitter is transformed to
|ψ〉hyper =1
2
[(|H3V4〉+ |V3 H4〉)⊗ |ψ〉−ω
+ (|H3V3〉+ |H4V4〉)⊗ |ψ〉+ω ],
(1)
where |ψ〉−ω (|ψ〉+ω) denotes the frequency-entangled state
produced in opposite (identical) spatial modes [20]. The
drawback of this transformation is that the bi-photon com-
ponent |ψ〉+ω diminishes the interference visibility in the
characterization process. To tackle this issue, we elimin-
ate the detrimental bunched photon events via harnessing
the anti-correlations of polarization-entangled state (see Fig.
1(d)). This can be considered a state purification in the fre-
quency domain and leads to a single non-vanishing term
|V3 H4〉 ⊗ |ψ〉−ω . By identifying photons in opposite spatial
modes, the normalized coincidence probability can be
P(τ1) =
1
4
∫ ∫
dω1dω2 f (ω1, ω2)|1− ei(ω2−ω1)τ1 |2. (2)
This indicates that photon anti-bunching, i.e., coincidence
events, only occur when bi-photons’ frequency detuning sat-
isfies (ω1 − ω2)τ1 = (2n + 1)pi (n is an integer). The
intensity of bi-photon component in opposite spatial modes
manifests itself as a sinusoidal oscillation within a Gaus-
sian envelope, with an oscillation period related to τ1. As
a consequence, arbitrary-dimensional discrete frequency en-
tanglement can be prepared by tuning the temporal distin-
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Figure 2. Observation of frequency anti-correlation by setting the
relative path (time) delay at (a) 36 µm (τ1 = 0.12 ps), (b) 60 µm
(τ1 = 0.2 ps) (c) 80 µm (τ1 = 0.27 ps) and (d) 110 µm (τ1 =
0.37 ps). The red lines represent the theoretical predictions, while
the blue points represent the experimental results that are bounded
by the standard deviation estimated by statistical methods assuming
a Poisson distribution.
guishability of frequency-entangled photons in HOM inter-
ference.
The joint spectral amplitude for different τ1 are plotted in
Fig. 2 as a function of signal and idler wavelengths. The
created discrete frequency-entangled state can be
|ψ〉 =
m/2
∑
j=1
Aj(αj|ωjωm−j〉 − eiϕjαm−j|ωm−jωj〉), (3)
where m denotes the number of dimensions, Aj is a probabil-
ity amplitude, ϕj is a phase-offset, α
2
j = pj, α
2
j + α
2
m−j = 1,
pj is a balance parameter and ωj + ωm−j = ωp. We note
that the frequency bins are completely symmetric with re-
spect to the central frequency. This agrees well with the
fact that when wavelength-degenerate photons impinge on
a beam splitter simultaneously, the coincidence probability
falls to zero (so-called “HOM dip”) [21], since all distin-
guishing information of the photons is erased.
Observation of frequency anti-correlation. Polarization-
entangled photon pairs are created in a Sagnac-type source
(see Fig. 1(a)) at a degenerate wavelength of 810 nm with
a spectral bandwidth of ∼ 20 nm. They are produced at a
pair rate of 160 kcps per mW of pump power with a fidelity
to the Polarization Bell state of 99.2% [19]. The existence
of multiple well-separated frequency bins is experimentally
verified using a home-made single-photon monochromator
(see Fig. 1(c)). By identifying two-fold coincidences in op-
posite spatial modes 3 and 4, we experimentally investigate
anti-correlations of frequency-entangledqudits by setting the
relative time delays at 0.12 ps, 0.2 ps, 0.27 ps and 0.37 ps.
The experimental results are depicted in Fig. 2, which in-
τ1(ps) ∆λFWHM(nm) µj (THz) pj Aj
0.12 4.33 3.93 0.54 -
0.20 2.83 6.94/2.67 0.57/0.53 0.36/0.65
0.27 2.11 5.71/1.94 0.52/0.54 0.46/0.54
0.37 1.52 6.91/4.09/1.42 0.56/0.52/0.50 0.24/0.35/0.41
Table I. Parameters extracted from Fig. 2. ∆λFWHM is the single-
photon frequency bandwidth, µj = |ωj − ωm−j| is the frequency
detuning.
dicates a good separation of multiple frequency modes, and
allows us to quantify the corresponding parameters as shown
in Table I.
HOM interference of high-dimensional frequency entan-
glement. The characterization of frequency entanglement
is challenging since the direct observation of interference
visibilities in superposition bases of discrete frequency bins
is a non-trivial task without nonlinear optics or time-resolved
measurements [22–25]. Here, we implement a non-local
measurement of the coherences of a frequency-entangled
state by spatial beating in HOM interference [26] (see Fig.
1(d)). The imbalance between two arms of a HOM interfer-
ometer introduces a relative time delay τ2, thus the coincid-
ence probability P(τ1, τ2) is obtained as
P(τ1, τ2) =
1
16
∫ ∫
dω1dω2 f (ω1, ω2)
|e−iω2(τ1+τ2) + e−i(ω1τ1+ω2τ2)
+ e−iω1(τ1+τ2)e−i(ω2τ1+ω1τ2)|2.
(4)
The parameter τ1 is set to be a constant that effectively
determines the entanglement dimensionality, thus P(τ1, τ2)
is simplified to the interference probability over the spatial
beating delay τ2. Figures 3(a,c,e) are the theoretical res-
ults of (4) by setting τ1 to be 0.12 ps, 0.27 ps and 0.37 ps,
where two-, four- and six-dimensional frequency entangle-
ment are prepared, respectively. The manifestation of inter-
ference fringes can be approximated by the sum of coincid-
ence probabilities with different frequency detunings as [27]
P(τ2) =
1
2
−
m/2
∑
j=1
Vj
2
Ajcos(µjτ2 + ϕj)(1− |2τ2
τc
|), (5)
for |τ2| ≤ τc/2, where Vj is the interference visibility quan-
tifying the magnitude of oscillation, µj = |ωj − ωm−j|
is frequency detuning of wellseparated frequency-entangled
bins, and τc denotes the single-photon coherence time that
equals to the base-to-base envelope width. Curve fitting of
experimental results to (5) reveal the corresponding para-
meters of a restricted density matrix in the high-dimensional
state space.
Experimental characterization of high-dimensional fre-
quency entanglement. We utilize two polarizers oriented at
mutually orthogonal settings to eliminate the photon bunch-
ing components in (1), as shown in the insets of Fig. 1(d). In
addition, polarization controllers are used to erase any polar-
ization distinguishability. Then, the photons from each pair
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Figure 3. Spatial beating of discrete frequency-entangled photon
pairs of (a-b) two-dimensional frequency entanglement when set-
ting τ1 = 0.12 ps (36 µm), (c-d) four-dimensional frequency en-
tanglement when setting τ1 = 0.27 ps (80 µm) and (e-f) six-
dimensional frequency entanglement when setting τ1 = 0.37 ps
(110 µm). (a,c,e) Theoretical prediction and experimental results
of the normalized coincidence rate, (b,d,f) real and imaginary parts
of the restricted density matrix.
impinge on a balanced beam splitter from distinct input ports
(see Fig. 1(e)). The non-classical spatial beating is revealed
by scanning the arrival time of one of the photons incident
on the beam splitter by τ2. The resulting interference fringes
can be observed by identifying two-fold coincidence events
between opposite output ports of the beam splitter.
The experimental interference fringes for two-, four- and
six-dimensional frequency entanglement created with delays
τ1 = 0.12 ps, 0.27 ps and 0.37 ps are depicted in Fig. 3
(a,c,e). Table II shows the corresponding parameters ex-
tracted from experimental measurement by using nonlinear
curve-fitting. The parameters enable us to reconstruct the
restricted density matrices as shown in Fig. 3 (b,d,f). We
note that our experimental results agree well with theoret-
ical prediction, while slight deviations can be attributed to
misalignment and imperfect optical components.
On the basis of previous discussion, the HOM interfer-
ence dip appears when τ2 is odd times of τ1, while peak
appears when τ2 is even times of τ1. Additionally, since the
spectrum manifests itself as a characteristic sinusoidal func-
tion, the single photon frequency bandwidth can be approx-
τ1
(ps)
τc
(ps)
∆λFWHM
(nm)
µj (THz) Aj Vj ϕj(
◦)
0.12 0.47 4.24 4.01 - 0.81 179.83
0.27 0.94 2.13 5.71/1.94 0.44/0.56 0.80/0.86 180.03/182.14
0.37 1.43 1.42 6.54/4.07 0.20/0.38 0.80/0.94 172.48/181.23
/1.48 /0.42 /0.93 /177.67
Table II. Parameters extracted from Fig 3.
imated as ∆ fFWHM ≈ µ
λ
1 c
2λ2
, corresponding to coherence time
τc =
0.885
∆ fFWHM
∼ 3.54τ1 [28]. Thus, limited by the coherence
time, we are able to observe interference dips at τ2 = ±τ1
and an interference peak at τ2 = 0.
Dimensionality estimation of high-dimensional frequency
entanglement Entanglement dimensionality is an import-
ant metric, which reveals the minimum number of dimen-
sions that is needed to faithfully reproduce correlations of the
state in any global product basis. Based on the observation
of frequency anti-correlations and coherent superpositions
in two-dimensional subspaces {|ωj〉, |ωm−j〉}, the produced
state is actually close to the form of Eq. (3). The meas-
urements performed serve as testbeds for our frequency-
bin entangled source. For using these states in a quantum
communication setting with local certification of entangle-
ment, two further ingredients will be needed. In particular,
we will need local superposition measurements of different
frequency modes [23, 25, 29] to enable spatially separated
quantum communication protocols and we will need to as-
certain the visibilities in all pairs of frequency subspaces.
Nonetheless, our experiment serves as a source character-
isation, showing the clear potential of the source and the
notion of frequency modes for generating high-dimensional
entanglement. In fact, assuming that the visibilites in all
m(m − 1)/2 frequency subspaces correspond to the aver-
age visibility of the measured two-dimensional subspaces,
the achievable entanglement of formation in our experiment
is E2 = 0.57, E4 = 1.05 and E6 = 1.56 for the two-, four-
and six-dimensional frequency modes [30].
Conclusion. We have presented a method of exploiting
temporal distinguishability in HOM interference to gener-
ate, characterize, and verify high-dimensional entanglement
in frequency-bin qudits. We hope that our results inspire not
only practical quantum communication and quantum com-
putation applications based on high-dimensional frequency
entanglement, but also new experimental configurations ex-
ploiting quantum interference in other degrees of freedom,
e.g., orbital angular momentum.
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